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摘  要 














































接，通过解剖纳米管连接的样片，SEM 表征和 EDS 分析，我们发现纳米管生长
在两个样片之间，这一现象是将碳纳米管阵列作为热界面材料的基础。 

































































The power density of microelectronics device and integrated circuit is increasing 
significantly with their continuous dimensional shrinking as well as improving 
performance. Accordingly, the thermal conductivity of microelectronic packaging is 
forced to increase. Because the thermal conductivity of thermal interfacial material 
(TIM), which joins the chip and the heat sink together, is about one magnitude lower 
than that of heat sink or chip, TIM becomes a bottle-neck in the heat transfer path in 
microelectronic package. On the other hand, TIM which can be processed in low 
temperature gains more attentions for the packaging of compound semiconductor, 
flexible or organic electronics devices due to their low heat tolerance. So TIM with 
high thermal conductivity and low process temperature is quite in demand.  
Carbon nanotube (CNT) possesses a high thermal conductivity along its axial 
direction, about one magnitude higher than copper, which makes SWCNTs a perfect 
substitute of nowadays TIM. Two main approaches that using CNT-TIM were 
explored thoroughly. One is the polymer with CNT filled in, and the other is based on 
“CNT forest” , the later technology achieved higher thermal conductivity due to high 
dense and well aligned CNT array. However, CNT forest can only grow on either the 
chip or the heat sink, and leave another end freestanding. The freestanding end of 
CNT forest has to be engaged with the chip or the heat sink by high pressure or 
eutectic soldering in CNT-TIM application, which complicates the phonon transfer 
process and degrades the performance of CNT-TIM significantly.  
A new type CNT-TIM was proposed in this dissertation that perpendicularly aligned 
single-walled carbon nanotube (SWCNT) array was assembled just like many 
“bridges” through the gap of a chip and its heat sink which was pressed tightly. In this 
approach, the two ends of SWCNT attached to both surface of the chip and heat sink 
simultaneously, which is free of the soldering process to engage the free-standing 
ends in the case of CNT forest. Meanwhile, the high axial thermal conductivity of 
SWCNT works perfectly due to the bridge-link SWCNT array was well aligned 
perpendicular to the surface of the chip and its heat sink. 
The feasibility of the above idea was evaluated experimentally, and the shear strength 
as well as the interfacial thermal resistance brought by this kind of CNT-TIM were 
measured. Furthermore, the optimization of the assembly process was carried out to 
maximize the shear strength and the thermal conductivity. Finally, an interfacial 
thermal resistance about 4.5 mm
2
 K/W at 100℃ was demonstrated, this value is 
superior to most of the available thermal grease up-to-data. In addition, the process 
flow as well as the process temperature of this CNT-TIM are similar to that of many 
commercial thermal adhesives, which means such a CNT-TIM can be used in 
microelectronic packaging with only a little bit of change on equipments or process 
steps. Due to the above merits, this CNT-TIM is promising in the packaging of 
microelectronics, optoelectronics, flexible display or sensors, and so on. 
Firstly, the fluidic assembly of CNT was investigated experimentally in chapter 2. 
Micro fluidic channels with different dimensions was prepared on silicon wafer, after 
















SWCNT solution was driven through by capillary action. SWCNT array was found 
assembled across the channel whose width was below a few of microns in SEM 
imaging, and most of these SWCNTs were demonstrated to be assembled in the range 
of ±15°perpendicular to the flow direction in Raman scattering characterization. The 
mechanism of this fluidic assembly was discussed in this chapter, too. Basically the 
generation and evaporation of the little droplets of CNT solution in the channel are 
supposed to induce this phenomenon.  
In the base of the fluidic assembly process mentioned in chapter 2, the technology to 
attach two surfaces was developed in chapter 3. To demonstrate the feasibility to 
engage the chip and its heat sink, two pieces of 4×4 mm
2
 chips with micro channels 
on surface, after metal deposition and polyelectrolyte treatment, was used instead of a 
chip and its sink, respectively. The pair of chips was placed face to face and pressed 
tightly following by dilution of SWCNT aqueous solution through the gap between 
the chips. The samples were disassembled after and observed in SEM as well as 
chemical analyzed by EDS. The results revealed the arrangement of CNTs around the 
surface of the chips, which make it possible to use the bridge-link CNTs as a kind of 
TIM. 
Since the density of the growing bridge-link SWCNT array decided the number of 
heat path, and thus determined the thermal conductivity of CNT-TIM, the 
optimization of the fluidic assembly process to increasing the density of bridge-link 
SWCNT array was carried out in chapter 4. Here the shear strength was employed as 
the optimization parameter because it is proportional to the density of SWCNTs and 
easy to be repeatedly measured. The relationship between the shear strength and the 
concentration of the SWCNT aqueous solution, the process temperature and the shape 
of the channels were investigated, respectively. Finally, maximum shear strength 
about 400 kPa was demonstrated and the optimized fluidic assembly process was used 
to prepare samples for the later thermal characterization. 
Thermal interface resistance of this kind of bridge-link CNT-TIM was measured in 
chapter 5. Bridge-link CNT-TIM has a thickness about a few of microns, which is 
about one magnitude thinner than commercial thermal adhesives, make an 
unacceptable error in the test of thermal diffusivity using current methods. To 
overcome this difficulty, a directly bonding chip-chip sample was prepared as a 
control, the thermal performance of chip-CNT-chip and chip-chip sample was 
measured using the laser flash apparatus (LFA) as well as Differential Scanning 
Calorimetry (DSC), respectively. Later, the interfacial thermal resistance of CNT-TIM 
was derived by comparing the thermal performance of both the samples. In addition, 
the same method was used to measure the interfacial thermal resistance of some kind 
of wide-used thermal adhesives, and the result showed the superior thermal 
performance of bridge-link CNT-TIM than commercial thermal grease, which 
revealed the potential capability of this new TIM. 
The shear strength of the bridge-link CNT-TIM is below 400 kPa, which is lower than 
the industrial standard of 3 MPa in microelectronic package, which become a 
potential obstacle for the application of this new TIM. A solution of this problem was 
















highly penetrative glue. After the SWCNTs fluidic assembly, an additional glue 
dipping process was accomplished to drive the thinner glue inside the gap by capillary 
action, and filled the cavity around bridge-link SWCNTs. The shear strength of this 
samples was more than 3 MPa, and the interfacial thermal resistance of this kind of 
mixer was about 6.0 mm
2
 K/W at 100℃, still superior to most of available thermal 
adhesives.  
In conclusion, a bridge-link CNT-TIM was investigated in this dissertation to realize 
direct phonon’s path between a chip and its heat sink, so reduce the thermal resistivity 
accordingly. To evaluate this idea, an arrangement of micro channel on chip surface 
was designed, the fluidic assembly process was optimized, and the grown bridge-link 
SWCNTs array was thermal characterization. As the result, the minimum thermal 
interface resistance measured by a laser flash method was about 4.5 mm
2
 K/W at 
100 °C. In addition, this SWCNT fluidic assembly process is similar to die mounting 
with thermal grease, and thus, can be implemented with the usual dispensing and 
mounting equipment after making several slight alterations. Therefore, the technique 
can be applied to most types of chips because of its low operation temperature and 
negligible residue stress. This technology is promising for a wide variety of 
applications involving TIMs given all of its merits. 
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